D-Serine acts as an obligatory and endogenous coagonist for the N-methyl-D-aspartate (NMDA) receptorrelated glycine site in the mammalian brain (Hashimoto et al., 1993; Matsui et al., 1995; Schell et al., 1995; Hashimoto and Oka, 1997; Danysz and Parsons, 1998) . D-Serine is synthesized by serine racemase (Srr), which converts L-serine to D-serine. The regional profile of Srr closely resembles those of endogenous D-serine and NMDA receptors, which are highest in the forebrain and lowest in the hindbrain (Yoshikawa et al., 2004) . Previous immunohistochemical studies have demonstrated that D-serine and Srr were localized exclusively in glial fibrillary acidic protein (GFAP)-positive astrocytes (Hashimoto and Oka, 1997; Schell et al., 1997; Wolosker et al., 1999; Mustafa et al., 2004) . However, recent studies using immunohistochemistry, Western blot, and in situ hybridization have demonstrated that D-serine (Yasuda et al., 2001; Puyal et al., 2006) and Srr (Kartvelishvily et al., 2006; Yoshikawa et al., 2006 Yoshikawa et al., , 2007 are signifi cantly expressed in neurons of tissue sections, and of primary cultures of the rat brain as compared with astrocytes.
Introduction
D-Serine acts as an obligatory and endogenous coagonist for the N-methyl-D-aspartate (NMDA) receptorrelated glycine site in the mammalian brain (Hashimoto et al., 1993; Matsui et al., 1995; Schell et al., 1995; Hashimoto and Oka, 1997; Danysz and Parsons, 1998) . D-Serine is synthesized by serine racemase (Srr), which converts L-serine to D-serine. The regional profile of Srr closely resembles those of endogenous D-serine and NMDA receptors, which are highest in the forebrain and lowest in the hindbrain (Yoshikawa et al., 2004) . Previous immunohistochemical studies have demonstrated that D-serine and Srr were localized exclusively in glial fibrillary acidic protein (GFAP)-positive astrocytes (Hashimoto and Oka, 1997; Schell et al., 1997; Wolosker et al., 1999; Mustafa et al., 2004) . However, recent studies using immunohistochemistry, Western blot, and in situ hybridization have demonstrated that D-serine (Yasuda et al., 2001; Puyal et al., 2006) and Srr (Kartvelishvily et al., 2006; Yoshikawa et al., 2006 Yoshikawa et al., , 2007 are signifi cantly expressed in neurons of tissue sections, and of primary cultures of the rat brain as compared with astrocytes.
Compared with the brain, the retina contains fewer cell types, many of which have recognizable morphologies and consistent positions, making any investigation of the mechanisms for the central nervous system more The serine racemase mRNA is expressed in both neurons and glial cells of the rat retina (Slaughter and Miller, 1983; Diamond and Copenhagen, 1993) . Notwithstanding number of studies indicating that the presence of D-serine and Srr in both neurons and glial cells in the brain, a previous study reported the presence of D-serine and Srr exclusively in glial cells especially Müller cells in the retina by high performance liquid chromatography (HPLC), immunohistochemistry, and Western blot analysis of tissues (Stevens et al., 2003) . In this study, we examined the localization of Srr mRNA in sections of the rat retina using a nonradioactive in situ hybridization based on tyramide signal amplification (TSA) designed to hybridize with a specifi c sequence of Srr mRNA.
Materials and Methods

Animals
The present animal experiments were performed in strict accordance with the guidelines of Tokai University and were approved by the Animal Investigation Committee of the university. Male Wistar rats (Clea Japan Inc., Tokyo) at postnatal week 7 were used. The rats were grouphoused in laboratory cages and kept in a temperaturecontrolled room (23 2 ) with a 12 h light / dark cycle (light on: 07:00) with food and water freely available.
Preparation for frozen section
Rats were deeply anesthetized with pentobarbital (100 mg/kg, intraperitoneal administration). The rat eyes were quickly embedded in an optical cutting temperature (OCT) compound (Lab-Tek Products, Naperville, IL USA), frozen in isopentane cooled with dry ice-ethanol, and cut at 8-10 m in thickness. These sections were airdried on silan-coated slide glasses.
In situ hybridization
Preparation of riboprobes for in situ hybridization was performed according to the method described by Yoshikawa et al, (2007) . A nonradioactive in situ hybridization based on TSA was performed according to the method described by Yang et al. (1999) with several modifi cations. After fi xation with 4% paraformaldehyde in a 0.1 M sodium phosphate buffer (pH 7.4) for 10 min, sections were digested with 0.05 g/ml proteinase K (Roche Diagnostics, Tokyo) at 37 , post-fixed in 4% paraformaldehyde, treated with 0.1 N HCl, and acetylated with 0.25% acetic anhydride in 0.1 M triethanol amine (pH 8.0) for 10 min each. After treatment with 3% hydrogen peroxide for 1 h, the sections were dehydrated and air-dried. Fifty l of a hybridization mixture (mRNA In situ Hybridization Solution; DakoCytomation Co. Ltd., Kyoto) containing a 50 ng cRNA probe was used and hybridized with the sections for 16 -18 h at 50 . After hybridization, the sections were immersed briefl y in 5 SSC (1 SSC: 0.15 M NaCl and 0.015 M sodium citrate), and then washed in 50% formaldehyde / 2 SSC for 30 min at 55 . After rinsing in 1 TNE (10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.5 M NaCl) for 10 min at 37 , the sections were treated with 10 g/ml RNase A (Roche Diagnostics) for 30 min at 37 . After rinsing in 1 TNE for 10 min at 37 , the sections were stringently washed sequentially in 2 SSC, 0.2 SSC, and 0.1 SSC for 20 min each at 55 . After rinsing in TBS (2)-T (0.01 M Tris-HCl, pH 7.5, 300 mM NaCl, 0.5% Tween-20) three times for 5 min each, and in 0.5% casein/TBS (0.01M Tris-HCl, pH 7.5, 150 mM NaCl) for 10 min, the sections were reacted with a 1:400 diluted horseradish peroxidase (HRP)-conjugated rabbit anti-DIG F (ab') fragment antibody (DakoCytomation), 0.7 M biotinylated tyramide solution, and 1:500 diluted HRP- Fig. 1 . The mRNA expressions of serine racemase in the retina, cerebral cortex, and cerebellum of rats. Results are the means with S.E.M. of data obtained from four rats. P<0.01 as compared across the regions. Statistical evaluations were carried out using the Kruskal-Wallis H test followed by Dunn's post hoc test. Cx: cerebral cortex, Cb: cerebellum, Rt: retina. conjugated streptavidin (DakoCytomation) for 15 min each at room temperature. Finally, color was developed using the DAB Liquid System (DakoCytomation) and counterstained with Mayer's hematoxylin.
For the observation of semithin sections, the abovementioned DAB-stained tissues were fixed in 2.5% glutaraldehyde and then postfi xed in 1% OsO4. The fi xed tissues were dehydrated and embedded in Quetol 812 and sectioned with a diamond knife. Quetol 812 sections (2 m) were counterstained with toluidine blue and examined with a light microscope.
Real time quantitative reverse transcriptasepolymerase chain reaction (RT-PCR)
The gene expression of the glyceraldehyde 3-phosphate dehydrogenase (GAPDH; GenBank accession number NM_017008) and serine racemase (accession number NM_198757) was determined by real-time quantitative RT-PCR using a method similar to the one described previously (Yoshikawa et al., 2004 (Yoshikawa et al., , 2006 . The PCR products were separated by an Agilent 2100 Bioanalyzer (Agilent Technologies; Palo Alto, CA, USA) which utilizes chip-based nucleic acid separation technology. Furthermore, the identification of the amplified PCR products of the Srr and GAPDH cDNAs were determined by dye terminator cycle sequencing.
Statistical analysis
The results of the measurements of the Srr mRNA levels are given as the mean with standard error of the mean (S.E.M.) of the data, using computer software (Prism 4.0c for Macintosh, GraphPad Software Inc., San Diego, CA; The SPSS 14.0.1, SPSS Inc., Chicago, IL, USA) for comparison across the regions. Statistical evaluations were carried out using the Kruskal-Wallis H test followed by Dunn's post hoc test. A P-value <0.05 was considered as reaching statistical signifi cance.
Results
We examined the mRNA levels of Srr in the rat retina compared with the cerebral cortex and cerebellum. As shown in Figure. 1, the mRNA levels of Srr were low in the retina (49%) and cerebellum (71%) when expressed as 100% for the level of the cerebral cortex.
T
o p r o v e t h e v a l i d i t y o f r e s u l t s f r o m i n s i t u
hybridization with TSA and to determine the source of nonspecifi c background staining, amplifi ed sense probes were run with each experiment. Positive signals (brown dots) were observed by the use of TSA with a clear cytoplasmic staining (Fig. 2a) , whereas no signal could be detected by the use of sense probes (Fig. 2b) . These results demonstrated that the signals were specifi c for Srr mRNA. This is also in good agreement with the fact that a low expression of mRNA such as Srr mRNA (copies of Srr mRNA: GAPDH mRNA = 1:1000) (Fig. 1 ) is detected as a single, tiny-dotted signal when detected by in situ hybridization with TSA (Tani, 1999; Suzuki et al., 2003; Jiang et al., 2004; Yoshikawa et al., 2004; Dobashi et al., 2006) .
In the retina, the frequency of neurons with positive signals was particularly high in the ganglion cell layer and the inner nuclear layer (Fig. 2, 3) . In the ganglion cell layer, positive signals for Srr mRNA were observed in ganglion cells with large and round nuclei (Fig. 2a, 3a) . In the inner nuclear layer, four types of the cells could be identified amacrine cells, bipolar cells, Müller cells, and horizontal cells and they were generally arranged in the following three sublayers. The inner sublayer contained almost all the cell bodies of the amacrine cells. The intermediate sublayer was composed of the Müller cells and the bipolar cells; the outermost sublayer, adjacent to the outer plexiform layer, was composed of the horizontal cells (Hogan et al., 1971) . Srr mRNA signals were observed in all the cell types of the three sublayers judging from their locations and shapes (Fig. 2a, 3b, 4) . In the outer nuclear layer, no clear signals were detectable in the rods or cone cells, whereas positive signals appeared in the inner segment of the layer of rod and cone cells (Fig. 3c) . In the outer segment and the pigment cell layer, no clear signals were detectable (Fig. 3d) . In the optic nerve head and the glial columms of the lamina cribrosa, positive signals were observed in the astrocytes (Fig. 3e,  f) . These results show that the localization of Srr mRNA appeared in both neurons and glial cells.
Discussion
This is the first study to demonstrate that a substantial amount of Srr mRNA is present in neurons of the retina at the cellular or tissue level. Several lines of evidence support this possibility: 1) an immunohistochemistry study demonstrated that D-serine are present in amacrine cells in the rat retina (Yasuda et al., 2000) ; 2) an in situ hybridization study demonstrated that Srr mRNA is expressed in a large number of neurons throughout the brain, especially the forebrain such as the cerebral cortex, striatum and hippocampus (Yoshikawa et al., 2007) ; 3) HPLC analysis, real-time quantitative RT-PCR, in situ hybridization, and Western blot studies clearly demonstrated the presence of D-serine and Srr in neurons of the primary cultures (Kartvelishvily et al., 2006; Yoshikawa et al., 2006) ; 4) an immunohistochemistry study demonstrated that D-serine (Yasuda et al., 2001) and Srr (Kartvelishvily et al., 2006) are present in neurons of the rat brain, and 5) D-serine is mainly located in the neurons of vestibular nuclei in adult rats (Puyal et al., 2006) .
Previous studies proposed that D-serine occurs in Müller cells in the retina (Stevens et al., 2003; O'Brien et al., 2005) . The present study, however, demonstrated that a substantial amount of Srr mRNA exists in neurons of the retina. One explanation for this apparent discrepancy is that the greater abundance of glial D-serine is not due to higher Srr expression, but rather to the accumulation of D-serine, which may be released from neurons to the extracellular medium and taken up by astrocytes. This supports the notion that perhaps some of the D-serine present in astrocytes is derived from neuronal synthesis (Kartvelishvily et al., 2006) , and that the mRNA of neutral amino acid transporters (ASCT1 and ASCT2) which uptake D-serine are considerably expressed in Müller cells in tissue sections and cell lines (Dun et al., 2007) .
The present study demonstrated that the expression of Srr mRNA could be detected in Müller cells of the retina and astrocytes of the optic nerve head and lamina cribrosa. This is consistent with results of previous studies showing that D-serine and Srr were localized in glial cells (Schell et al., 1997; Wolosker et al., 1999; Stevens et al., 2003; Mustafa et al., 2004; O'Brien et al., 2005) . These results indicate that Srr mRNA is expressed in both neurons and glial cells of the retina, optic nerve head, and lamina cribrosa. These findings, together with the previous reports that Srr is distributed in neurons of the brain (Kartvelishvily et al., 2006; Puyal et al., 2006; Yoshikawa et al., 2007) , suggest the possibility that the neuronderived D-serine could modulate neurotransmission via the glycine site of NMDA receptors in the retina.
